The relations among the resistivity, elastic-wave velocity, porosity, and permeability in Fontainebleau sandstone samples from the Ile de France region, around Paris, France were experimentally revisited. These samples followed a permeability-porosity relation given by Kozeny-Carman's equation. For the resistivity measurements, the samples were partially saturated with brine. Archie's equation was used to estimate resistivity at 100% water saturation, assuming a saturation exponent, n ‫ס‬ 2. Using self-consistent ͑SC͒ approximations modeling with grain aspect ratio 1, and pore aspect ratio between 0.02 and 0.10, the experimental data fall into this theoretical range. The SC curve with the pore aspect ratio 0.05 appears to be close to the values measured in the entire porosity range. The elastic-wave velocity was measured on these dry samples for confining pressure between 0 and 40 MPa.Aloading and unloading cycle was used and did not produce any significant hysteresis in the velocity-pressure behavior. For the velocity data, using the SC model with a grain aspect ratio 1 and pore aspect ratios 0.2, 0.1, and 0.05 fit the data at 40 MPa; pore aspect ratios ranging between 0.1, 0.05, and 0.02 were a better fit for the data at 0 MPa. Both velocity and resistivity in clean sandstones can be modeled using the SC approximation. In addition, a linear fit was found between the P-wave velocity and the decimal logarithm of the normalized resistivity, with deviations that correlate with differences in permeability. Combining the stiff sand model and Archie for cementation exponents between 1.6 and 2.1, resistivity was modeled as a function of P-wave velocity for these clean sandstones.
INTRODUCTION
Velocity and resistivity of rocks depend on porosity, texture, mineralogy, and pore fluid. Some of the earliest laboratory measurements showing the variation of the acoustic properties of rocks as functions of porosity, saturation, and pressure were by Wyllie et al. ͑1956, 1958͒ . These studies showed that porosity undoubtedly is the primary factor affecting P-and S-wave velocities. Later studies ͑Nur and Simmons, 1969; Domenico, 1976; Mavko, 1980; Murphy, 1984͒ have refined our understanding of rock properties showing how pore type and pore fluid distribution ͑i.e., saturation heterogeneity͒ may contribute to variations in the P-and S-wave velocities. Pore geometry, in particular, affects pore stiffness which, in turn, influences the velocity sensitivity to pressure ͑Mavko, 1980; Mavko and Nur, 1978; O'Connell and Budiansky, 1974͒ as well as to saturation ͑Mavko and Mukerji, 1995͒.
Similarly, Archie ͑1942͒ was the first to show that the ratio of the conductivity of the pore fluid to the bulk conductivity of fully-saturated and clean sandstones corresponds to the formation factor F, which is related to porosity through the following relation:
͑1͒
The m and a coefficients, known as the cementation exponent and tortuosity factor, are usually determined empirically. In equation 1, a is close to 1, and was first introduced by Wyllie and Gregory ͑1953͒. The a coefficient may be considered a reservoir constant according to Worthington ͑1993͒, although originally Wyllie and Gregory ͑1953͒ considered it a function of porosity and formation factor of the original unconsolidated aggregate before cementation. When the dominant electrical conduction mechanism is ionic diffusion in theit to grain and pore shape ͑Jackson et al., 1978; Ransom, 1984͒ . According to Knight and Endres ͑2005͒, m depends on the geometry of the system or the connectedness of the pore space, and is often referred to as the cementation factor because of the importance of cementation in determining microgeometry. The m coefficient is close to 2 in sandstones, but it can be as high as 5 in carbonate rocks ͑Mavko et al., 1998͒. The dependency of the a and m coefficients on rock properties has been the subject of multiple studies ͑see Worthington, 1993 for a review͒. Such studies report a large number of factors affecting those constants, including porosity, type of porosity, tortuosity, pore geometry, degree of cementation, sorting, grain shape, packing of grains, pressure, and wettability. Schön ͑1996͒ reports that both parameters, a and m, are controlled by pore channel geometry, including pore shape and connectivity.
In this study, we measure porosity, permeability, resistivity, and velocity in Fontainebleau sandstones. We first examine the permeability -porosity relation, and compare it to the Kozeny-Carman ͑Carman, 1961͒ relation, and a previous study by Bourbie and Zinszner ͑1985͒ . We then analyze how porosity and permeability relate to resistivity using effective medium models, such as differential effective medium ͑DEM͒ ͑Bruggeman, 1935; Berryman, 1995͒ and self-consistent ͑SC͒ ͑Landauer, 1952; Berryman, 1995͒ , and a semiempirical model by Archie ͑1942͒. We follow a similar procedure for P-wave and S-wave velocities as a function of porosity, using effective medium models, including also DEM and SC, and semi-empirical models, including the stiff sand model ͑Gal et al., 1998͒, the Raymer-Hunt-Gardner relation ͑Raymer et al., 1980͒, and Wyllie's time-average equation ͑Wyllie et al., 1958͒.
Elastic and electrical methods can contribute in different ways to characterizing rock. Each of them has limitations that can be overcome by integration with the other. The literature shows that laboratory studies performing joint measurements and analysis of velocities and resistivity of sedimentary rocks are quite scarce ͑i.e., Polak and Rapoport, 1956, 1961; Parkhomenko, 1967; Knight, 1991; Carrara et al., 1999 . All these studies only use P-wave velocity and resistivity͒. In particular, there are no laboratory studies that use P-, S-wave velocities and resistivity together to better estimate porosity and permeability of reservoir rocks. Therefore, we examine the relation between resistivity and velocity, and how these two properties relate to porosity and permeability.
METHOD
The set of core plugs in this study comprises 23 Oligocene Fontainebleau sandstones, collected at outcrops in the Ile de France region, around Paris, France. The core plugs have a diameter around 2.5 cm, and a length ranging between 2.3 and 3.9 cm. Resistivity was measured at 1 kHz at benchtop conditions using the 4-electrode method, with the benchtop set-up that is part of the Core Lab's Advanced Resistivity System Model 300. The instrumental error for the measured resistivities is ‫.%01ע‬
Core plugs were saturated with a 40,000 ppm NaCl solution. Their water resistivity was monitored for a 48-hour period before the saturated rock resistivity measurements were performed to reach a chemical equilibrium between the rock and the fluid. The resistivity of water was monitored before performing each measurement. The temperature of the water was ‫ע12‬ 1°C, and its resistivity ‫ע71.0‬ 0.01 ohm· m. Water saturation of 100% was not reached for these samples, particularly the low-porosity ones, with an average saturation of 80%, the latter determined by weighing the samples. Archie's equation was used to estimate the resistivities at full saturation ͑R 0 ͒ from the measured resistivity ͑R t ͒ at saturation S W assuming a saturation exponent ͑n͒ of 2, as it follows in equation 2:
͑2͒
This saturation exponent value is consistent with previous publications, such as that by Durand ͑2003͒, who measured three Fontainebleau samples with different porosities and found an average n ‫ס‬ 1.96.
If we assume an error in n of 10%, the error in R 0 is around 4%, or 0.6 ohm· m. Sample A82 has the largest error of around 3 ohm· m, and sample H27 has the smallest error in R 0 of around 0.03 ohm· m. These errors are a function of saturation, porosity, and the measured resistivity.
For 9 of the 23 core plugs, measurements of P-and S-wave velocity were also performed under variable confining pressure, at one atmosphere pore pressure. Confining pressure was increased to 40 MPa, with 5 MPa increments. The plugs were jacketed with rubber tubing to isolate them from the confining pressure medium. The pulse transmission technique was used to measure P-wave velocity at 1 MHz frequency and S-wave velocity at 0.7 MHz. The error for the velocity measurements is around ‫.%1ע‬ Three linear potentiometers were used to measure length changes of the samples as a function of stress. These length changes were related to changes in porosity by assuming that pore contraction was the main cause of strain ͑i.e., we assume that the mineral was incompressible͒.
Velocity measurements were performed at dry conditions. We use Gassmann's ͑1951͒ fluid substitution to predict the velocities at full saturation. This was to avoid velocity dispersion effects that would be associated with fluid saturated ultrasonic measurements ͑Mavko et al., 2009͒.
Helium porosity, Klinkenberg-corrected nitrogen permeability, length, diameter and weight of all these plugs were also measured. Helium porosity and total porosity estimated from volume and weight are essentially the same, as we can observe from Figure 1 . Mineralogy of these samples is 100% quartz, with an average grain size of 250 micrometers ͑Bourbie and Zinszner, 1985͒ ͑see also CT scan sections in Figure 2͒ . All the measurements are included in Ta- Figure 1. Total porosity estimated from volume and mass versus porosity measured using helium porosimeter.
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bles 1-4. Mercury intrusion porosimetry measurements were performed for small drilling fragments ͑mass‫ס‬ 1 -1.5 g͒ of samples A11, A33, and A82.
PERMEABILITY VERSUS POROSITY MEASUREMENTS AND MODELING
The core plugs measured for this analysis were compared to core plugs from the same region studied by Bourbie and Zinszner ͑1985͒ and Doyen ͑1988͒. We find that they follow a similar permeability versus porosity trend ͑Figure 3͒. If we compare this permeabilityporosity trend with that given by Kozeny-Carman's relation, we observe that with tortuosity 2.5, percolation porosity 2%, and grain size 250 m, the fit is satisfactory ͑Figure 3͒. The grain size that we use in this fit agrees with observations by Bourbie and Zinszner ͑1985͒, who found that these samples were composed of sub-spherical quartz grains ͑more than 99.8% quartz͒ with diameter around 250 microns.
The Kozeny-Carman's relation that we are applying here in equation 3 was published by Mavko and Nur ͑1997͒ and introduced the percolation porosity ͑ P ͒:
where k is permeability, d is the grain diameter, is tortuosity, and is porosity. Percolation porosity corresponds to that below which the remaining porosity is disconnected and does not contribute to flow, and generally it is of the order of 1 to 3% ͑Mavko et al., 2009͒. As Bourbie and Zinszner ͑1985͒ pointed out, two different perme-
Figure 2. CT scans for Fontainebleau samples: A33, F510, GT3, and H27. The scale given as a white line in the bottom left corner is 500 m. These plugs have the following porosity and permeability: 7% and 12.5 mD for A33, 15% and 592 mD for F510, 17% and 704 mD for GT3, and 25% and 3630 mD for H27. 
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ability-porosity linear trends in the log-log scale can be defined, one for the high-porosity, and one for the low-porosity samples ͑Figure 4͒. For the high-porosity samples, the exponent for the porosity is around 3, as expected from the Kozeny-Carman's relation. However, as porosity decreases, this exponent is larger, in our case close to 5. This is due to the fact that at lower porosities, some of the pore fraction is not contributing to the permeability. This disconnected pore fraction is called the percolation porosity. If the logarithm of Table 3 . P-and S-wave velocity in km/s measured in one loading and unloading cycle for samples A117, B102, and F510. Pc is the confining pressure in MPa, and ⌬Porosity (%) is the change in porosity as stress is applied.
Sample A117 Sample B102 Sample F510
Pc ͑MPa͒ permeability is plotted versus that of the difference between total porosity and percolation porosity ͑2% as estimated by Mavko et al., 2009͒ , a single linear trend can be identified that is given by k ‫ס‬ 0.0241͑ ‫מ‬ P ͒ 3.792 ͑Figure 4͒. In this equation, the porosity is not expressed as a fraction but as a percentage. It is important to point out that this exponent for the porosity is not related to the cementation exponent in Archie's equation, which will be discussed in the next section.
RESISTIVITY RELATION WITH SALINITY OF THE SATURATING FLUID
Resistivity was measured on four of the samples with brine of salinities 11,000; 40,000; and 100,000 NaCl ppm under partial saturation. We applied equation 2 to compute the conductivities at full water saturation. Plotting this rock conductivity at S W ‫ס‬ 1 versus the conductivity of the saturating water ͑Figure 5͒, we can fit lines that cross the origin for each of the four samples. In general, at around 20,000 NaCl ppm water salinity, it is expected that for shaley sandstones any measurement will deviate from this line with zero intercept ͑Waxman and Smits, 1968; Waxman and Thomas, 1974; Thomas, 2007͒ . Our measurement at 11,000 ppm still fits lines that cross the origin for the four samples, which is the behavior that is expected in clean sandstones.
It is important to point out that the absence of clay minerals does not prevent surface conduction from occurring. Surface conduction can occur even when only quartz is present without clay minerals. Revil and Glover ͑1997͒ show that surface conduction can be significant in a quartz matrix if water conductivity is below 0.01 S / m. However, this measurement condition does not apply to our case. In our experiments measuring resistivity of 23 core plugs, we used 40,000 NaCl ppm salinity brine at 21°C. Therefore under these salinity and temperature conditions, the effects due to surface conduction are negligible compared to ionic conduction ͑Waxman and Smits, 1968; Waxman and Thomas, 1974͒ . The resistivity at S W ‫ס‬ 1 was estimated from measured resistivity using equation 2.All results reported below relate to these 100% water saturation resistivity estimates.
RESISTIVITY RELATION WITH POROSITY AND PERMEABILITY
Plotting resistivity versus porosity, we find that the measurements fall between the lower and the modified upper Hashin-Shtrikman bounds ͑Wempe, 2000͒, assuming a quartz matrix with resistivity of 10 15 ohm· m, critical porosity 0.4, and percolation porosity 0.02 ͑solid black curves in Figure 6͒ . If we compare our measurements to the DEM model for grains of quartz suspended in water, we find that this model underpredicts the measurements ͑gray curve in Figure 6͒ . At the same time, the SC effective medium modeling does fit the data ͑dashed black curves in Figure 6͒ , in particular if we use ellipsoidal inclusions with aspect ratios between 0.02 and 0.1.
Archie's equation with cementation exponents ͑m͒ between 1.6 and 2.1 matches these data well ͑Figure 7͒. The error in these estimates of m is in the order of ‫,20.0ע‬ having a maximum of ‫.30.0ע‬ These m values are the typical values used for clean sandstones, and agree with previous studies in Fontainebleau sandstones, such as that by Durand ͑2003͒ that gives values between 1.54 and 1.75. Knackstedt et al. ͑2007͒ estimate m from numerical experiments and also compute it for measurements by Jacquin ͑1964͒ and Doyen ͑1988͒ and obtain values between 1.50 and 2.25. Hausenblas ͑1995͒ also obtains cementation exponent between 1.7 and 1.8 for four Fontainebleau samples with porosities between 6.2 and 7.5%.
Raiga-Clemenceau ͑1977͒ gave a relation between permeability and the cementation exponent in equation 4: Table 4 . P-and S-wave velocity in km/s measured in one loading and unloading cycle for samples GT3, H27 and F410. Pc is the confining pressure in MPa, and ⌬Porosity (%) is the change in porosity as stress is applied.
Sample GT3
Sample H27 Sample F410
Pc ͑MPa͒ 
where k is permeability in mD. If we use this relation, we find cementation exponents between 1.64 and 2.21 ͑Table 5͒, which are similar to the values discussed above. The mean error in the cementation exponent computed as the difference between the value derived from measurements and that obtained from equation 4 is 0.1, while the median is 0.2. The cementation exponent seems to show some dependence on porosity, tending to be higher as porosity decreases; i.e., its average is 1.8 for porosities less than 8%, compared to 1.6 for porosities larger than 20%. Olsen et al. ͑2008͒ give an empirical relation to derive the cementation exponent from porosity, permeability, and specific surface area. This relation is between cementation exponent ͑m͒ and specific surface area ͑S͒ laboratory data:
The cementation exponent in equation 5 was derived from Archie's equation assuming a ‫ס‬ 1, and resistivity and porosity measurements at fixed water resistivity. Specific surface area was measured using the nitrogen adsorption method ͑Brunauer et al., 1938͒. It is then expressed in equation 6 terms of porosity ͑͒, permeability ͑k͒, and a constant c, using Kozeny's equation:
Using equations 5 and 6, in equation 7 we obtain the final relation that Olsen et al. ͑2008͒ use to estimate the cementation exponent from porosity and permeability:
͑7͒
The constant c is, according to Olsen et al. ͑2008͒, close to 0.25, but depends on porosity. From equation 6 and one of the common forms of Kozeny-Carman, this constant can be expressed in terms of tortuosity in equation 8 as:
If the tortuosity is 1.41, c is 0.25, but if the tortuosity is 2.5, as we assumed for our previous Kozeny-Carman modeling, the constant c is 0.08. If we estimate the cementation exponent assuming c ‫ס‬ 0.25 and c ‫ס‬ 0.08, we obtain average m ‫ס‬ 1.72 and 1.67, respectively, which is close to the values we had found match the data ͑Table 5͒. Hence, we have observed that changing c does not greatly affect the estimate of m, and this semi-empirical formula ͑equation 7͒ gives a good estimate for cementation exponent to be used in Archie's equa- Figure 4 . Permeability versus porosity on the left, and porosity minus percolation porosity on the right in log-log scale for samples of this study as black squares, and those from Doyen ͑1988͒ as gray diamonds. Two linear trends can be identified on the left, one for the low-porosity samples as a solid line ͑slopeϳ 5͒, and one for the high-porosity samples as a dashed line ͑slopeϳ 3͒. On the right a single trend can be identified.
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tion. The mean and the median errors in the cementation exponent are also 0.1 and 0.2.
Cementation exponent estimation from mercury porosimetry
We performed mercury intrusion porosimetry in small drilling fragments ͑͑mass‫ס‬ 1-1.5 g͒ of three samples of similar porosity ͑ϳ7%͒: A11, A33, and A82, to study the distribution of pore access diameters. This technique measures the volume of mercury that penetrates a sample as a function of pressure ͑Aligizaki, 2006͒. Results are generally reported using cumulative intrusion curves and differential pore size distribution plots. Cumulative intrusion curves are plots of the cumulative volume of mercury intruded in the sample versus the pore throat or pore access diameter. The differential pore size distribution is the differential of the volume of mercury intruded in the sample versus the pore access diameter. A contact angle between sandstone and mercury of 140°was used for our calculations ͑Metz and Knofel, 1992; Spearing and Matthews, 1991; Milsch et al., 2008͒. Computed tomography ͑CT͒ scans for samples A11, A33, and A82 ͑Figure 8͒ show that A82 has relatively small macropores, on the order of 100 microns or less; A11 and A33 have larger macropores, up to 200 microns. This difference in macroporosity may be responsible for the measured larger permeability and lower resistivity in A11 and A33.
Porosity estimates obtained from mercury porosimetry are 8.68% for A11, 7.18% for A33, and 8.77% for A82. Helium porosity measured for the corresponding core plugs were: 7.33% for A11, 7.18% for A33, and 7.61% for A82. The cumulative intrusion curves ͑shown as a curve in Figure 8͒ reveal that samples with the largest porosity, A82 and A11, also have the largest number of pore throats with diameter larger than 10 m. The average pore diameters are 7.0 m for A11, 3.8 m for A33, and 3.2 m for A82. The median pore diameters are 13.0 m for A11, 8.8 m for A33, and 9.4 m for A82. These pore throat distributions are similar as far their mean and median, but they are multimodal ͑see differential pore size distributions shown as a bar graph in Figure 8͒ . Comparing the differential pore size distributions, samples A11 and A33 show narrower distributions of pore throat sizes than sample A82. Sample A82 has a large amount of pore throats with diameters less than 0.1 m, shown as several peaks in the differential pore size distribution; A11 and A33 only show pore throats with diameters larger than 0.1 m, correlating with the fact that A82 is the least permeable of the three samples.
We also obtained estimates of total pore area for these samples, which were very similar for A11 and A33: 0.025 m 2 / g, and 0.031 m 2 / g, respectively. Sample A82, had 0.046 m 2 / g total pore area. If we compute the specific surface area multiplying by the grain density 2.65 g / cc, we obtain 0.066ϫ 10 6 , 0.122ϫ 10 6 , and 0.082 ϫ 10 6 1 / m for A11, A33, and A82. A specific surface area can be computed from the median pore radius ͑r͒ as 2 / r ͑Milsch et al., 2008͒, and we obtain: 0.31ϫ 10 6 , 0.46ϫ 10 6 , and 0.43ϫ 10 6 1 / m for A11, A33, and A82. The difference between the two estimates may be due to the fact that the first estimate uses all the cumulative mercury porosimetry information ͑pressure, volume, surface tension͒; the second methodology uses only the median pore radius as input. From these specific surface areas, we can estimate cementation exponents using equation 5. For the first specific surface area estimate, we obtain: m ‫ס‬ 1.74, 1.79, and 1.75, and for the second: m ‫ס‬ 1.87, 1.91, and 1.90 for A11, A33, and A82. We can compare these values with the actual values obtained from the porosity and resistivity measurements: m ‫ס‬ ‫ע18.1‬ 0.02, ‫ע37.1‬ 0.02, and ‫ע90.2‬ 0.03 for A11, A33, and A82, respectively. The error reported above is estimated assuming a 10% error in the saturation exponent. We approach the actual m with our first estimate in the case of A11 and A33; however, even in that case, we fail to predict m for sample A82, which has the most heterogeneous pore size distribution, as we had observed in Figure 8 .
Resistivity relation with permeability
Estimating permeability from resistivity has been a problem examined by different authors, including Archie ͑1942͒, who shows an Figure 5. Conductivity measured for the core at 100% saturation versus water conductivity for four different samples measured at three different salinities: 10,000; 40,000, and 100,000 NaCl ppm. Linear fits crossing the origin are also shown. . Normalized resistivity or formation factor versus porosity ͑%͒. Solid black curves are the lower and modified-upper HS bounds. Gray solid curve is the DEM modeling for inclusions with aspect ratio of 1 in a background of water. Dashed black curves are the SC modeling for grain aspect ratio of 1, and pore aspect ratio of 0.1 ͑upper dashed curve͒, 0.05 ͑middle dashed curve͒, and 0.02 ͑lower dashed curve͒. Black squares are data from this study, and gray diamonds are data from Doyen ͑1988͒.
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average trend of formation factor versus permeability for sandstones, but recognizes that the scatter is too large to establish a definite relation between the two properties. Worthington ͑1997͒ revisits this study by Archie and shows how formation factor F decreases as permeability increases according to the following relation in equation 9:
. ͑9͒
where b and c are positive empirical constants. Worthington ͑1997͒ argues that as water salinity decreases, or grain size decreases, or the clay content increases, the relation between resistivity and permeability changes and resistivity actually increases as permeability increases in the following form in equation 10:
where g and h are positive empirical constants. Some other relations derived between formation factor and permeability incorporate other parameters, such as the characteristic length of the pore space ͑Katz and Thompson, 1986; Johnson et al., 1986͒ , the porosity, the specific surface area and the cementation exponent ͑Schwartz et al., 1989͒.
If we plot our measured formation factor versus permeability, we find significant scatter, particularly at high resistivity. Still, a trend between these two variables in the form of equation 9 can be defined as follows in equation 11:
͑11͒
The R 2 for this trend is 0.92, but the norm of the residuals is 132 mD ͑due to large data scatter at low porosity͒; hence, it is not very precise and has to be used with caution ͑Figure 9͒.
VELOCITY RELATION WITH CONFINING PRESSURE AND POROSITY
P-and S-wave velocities were measured as functions of confining pressure for 9 samples as shown in Figure 10 ͑P wave as circles and S wave as squares͒. Porosities of the plugs ranged from 0.06 to 0.25. Filled circles and squares in Figure 10 represent measurements as we were increasing confining pressure, and open circles and squares are the measurements taken as pressure was decreasing. These samples do not show significant velocity hysteresis as we load and unload them.
Poisson's ratio for these sandstones is between 0.02 and 0.16 ͑Fig-ure 11͒, which is close to the values expected for dry sandstones, according to Mavko et al. ͑2009͒ .
When we compare samples of similar porosity ͑around 7%͒, such as those we used for mercury intrusion porosimetry, we observe that core plugs A11 and A33 show larger dependence of the velocities on pressure than core plug A82. Sample A82 has the lowest permeability and largest formation factor of the three. This conforms to the fact that A82 is the least compliant of the three samples as we discussed in the previous section.
Velocities were measured under dry conditions while resistivity was measured under water saturated conditions. We applied Gassmann's equations to estimate the P-wave and S-wave velocities for 100% water-saturated conditions. The rest of the analysis that we show is on the velocity data after performing Gassmann's fluid substitution to 100% water saturation.
Plotting the fully water-saturated velocities as a function of poros- Figure 7. Archie's modeling for a ‫ס‬ 1, and cementation exponent ͑m͒ of 1.6, 1.8, and 2.1.
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ity ͑Figure 12͒, we observe that those measured at 40 MPa confining pressure fall very close to the modified upper Hashin-Shtrikman bound shown in gray ͑MHϩ curve in Figure 12͒ . In this example, this bound is obtained assuming a critical porosity 0.40. The DEM model ͑solid black curves in Figure 12͒ fits the laboratory data when we assume a quartz matrix and water-filled ellipsoidal inclusions with aspect ratios between 0.02 and 0.1 for 0 MPa confining pressure, and between 0.05 and 0.2 for 40 MPa confining pressure. Using the SC approximation to model P-wave and S-wave velocity ͑dashed black curves in Figure 12͒ , we observe good fit using the same aspect ratios as for DEM.
We also used semi-empirical rock physics equations that are appropriate for clean consolidated sandstones, such as the stiff-sand model ͑Gal et al., 1998͒, Wyllie's time average ͑Wyllie et al., 1962͒, and RaymerHunt-Gardner ͑Raymer et al., 1980͒ to model the velocity data. In Figure 13 we observe that assuming a 100% quartz matrix in the stiff-sand model, a coordination number 9 and a critical porosity 40%, we obtain a satisfactory fit to most data points for both P-and S-wave velocities at 40 MPa confining pressure. We also show the stiff-sand model estimate assuming 90% quartz and 10% clay as part of the matrix ͑Figure 13͒.
S-wave velocity was computed from P-wave velocity for Wyllie's time average and RaymerHunt-Gardner estimates using Greenberg and Castagna ͑1992͒ empirical relations. At 40 MPa confining pressure, Wyllie's time average underpredicts both P-and S-wave velocities, and Raymer-Hunt-Gardner works well for P-wave velocity, but the Greenberg-Castagna equations underpredict the S-wave velocity ͑Figure 13͒.
RELATION BETWEEN VELOCITY AND RESISTIVITY
P-wave velocity is highly dependent on pressure, whereas the dependence of resistivity on confining pressure is reportedly not as strong, in particular for clean sandstones ͑Lewis et al., 1988; Sharma et al., 1991; Milsch et al., 2008͒ . Formation factor of sandstones can be estimated as a function of pressure ͑P͒ using a power law ͑Schön, 1996͒ in equation 12:
where F 0 is the formation factor or normalized resistivity at zero pressure, and g is an empirical constant. For North Sea and Alaskan sandstones measured by Palmer and Pallat ͑1991͒, Schön ͑1996͒ estimates g to be 0.055. We will assume g ‫ס‬ 0.05 for Fontainebleau sandstones. We estimate this value from formation factor measurements as a function of pressure performed by Milsch et al. ͑2008͒.
Plotting the P-wave velocity versus the decimal logarithm of formation factor at 0 MPa confining pressure, we observe a large scatter of the data and a poor linear fit ͑R 2 ‫ס‬ 0.33͒ ͑Figure 14͒. If we estimate formation factor at 40 MPa using equation 12, and g of 0.05, and plot it versus the P-wave velocity measured at 40 MPa confining pressure, the data scatter is smaller, and we obtain a better linear fit to the data ͑R 2 ‫ס‬ 0.84͒. In clean sandstones, it is expected that both resistivity and P-wave velocity are mainly a function of porosity; therefore, a relation between these two properties can be derived. The empirical equation that we obtain between normalized resistivity and P-wave velocity in km/s at 40 MPa is equation 13: log 10 F ‫ס‬ 0.78· V P ͑km/s͒ ‫מ‬ 1.96. ͑13͒
The data points corresponding to samples A82 and A11 fall above the linear trend in Figure 14 , while sample A33 plots below this line. Samples A82, A11, and A33 have porosity around 7%, and permeabilities 7, 10, and 12 mD, respectively. Therefore, the scatter in resistivity versus velocity for these three samples correlates with permeability. However, there are a lot of assumptions behind the deriva-
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tion of this equation, and other factors, such as the distribution of the fluids in the pore space, pore geometry, etc., which may also affect the resistivity-velocity relation. We also applied P-wave velocity-resistivity transforms to compute resistivity as a function of P-wave velocity. First, we used Faust ͑1953͒ relation between velocity and resistivity in equation 14:
where ␥ is 2.888, if velocity is in km/s. Z is the depth of the sandstone in kilometers. Faust did not calibrate properly for water resistivity data, because he did not have any R W measurements. This has generated some disagreement in the literature with respect to Faust's relation being a function of formation factor ͑as expressed above͒ or of formation resistivity, R ͑Rudman et al. , 1976; Telford et al., 1990͒ , such that as seen in equation 15:
͑15͒
Assuming a confining pressure gradient of 23 MPa/ km, and a normal pore pressure gradient of 10 MPa/ km, we obtain that Z ‫ס‬ 3.1 km, since the measurement was taken at an effective pressure of about 40 MPa. We plot equations 14 and 15 ͑dashed thick curves in Figure 14͒ for comparison. Equation 14 underestimates the resistivity as a function of velocity, and equation 15 overestimates it. Hacikoylu et al. ͑2006͒ derived a velocity-resistivity transform for friable shaley sandstones, whose velocities followed the soft--sand model ͑Dvorkin and Nur, 1996͒. The sandstones in this study are stiffer, and their velocities are better modeled using the stiff-sand model by Gal et al. ͑1998͒ ͑thick gray curve in Figure 14͒ . A P-wave velocity-resistivity transform can be obtained by combining the stiff-sand model and the lower Hashin-Shtrikman bound for resistivity as a function of porosity, as derived by Berryman ͑1995͒, and modified by Hacikoylu et al. ͑2006͒ as seen in equation 16:
ͬ .
͑16͒
The transform we obtain by combining it with the stiff-sand model is:
is obtained by replacing porosity in equation 16 with a linear fit between porosity and P-wave velocity obtained using the stiff-sand model for 100% quartz matrix, coordination number 9, and critical porosity 40% ͑i.e., a linear fit to the black 100% quartz curve in Figure 13 , but in the porosity-velocity space͒. This equation was only calibrated for velocities between 3 and 5.6 km/ s.
These two models, Faust ͑1953͒ ͑as given in equation 15͒ and stiff-sand combined with the resistivity low bound ͑equation 17͒, work as lower and upper bounds for the resistivity versus P-wave velocity data, respectively ͑Figure 14͒.
If instead of using the low bound for resistivity we use Archie's equation, we find a transform that can predict resistivity from the velocity data ͑three dotted black curves in Figure 14͒ ͑equation 18͒:
͑18͒
This transform depends on the cementation exponent ͑m͒. We used m ‫ס‬ 1.6, 1.8, and 2.1 ͑obtained earlier in this paper from our resistivity-porosity modeling͒ to compare them with our data ͑Figure 14͒.
DISCUSSION
Deriving relations between two different physical properties ͑e.g., velocity and resistivity͒ of a rock is not simple. Even though both measurements were taken in the same sample, each property depends on mineralogy, pore geometry, pore connectivity, grain size, and other rock characteristics in different ways. We chose rocks with close to 100% quartz content to focus more in pore geometry and pore connectivity than in mineralogy effects.
Apart from the complexity of relating velocities and resistivities, we have to add that both properties in this study were not measured in the same pressure, temperature, and saturation conditions. Therefore, some approximations were done, which introduced errors in determining any cross-property relation. However, this is one of the very few studies that include comprehensive laboratory measurements, such as porosity, permeability, CT scans, mercury porosimetry, resistivity, P-and S-wave velocities. We did not perform mercury porosimetry and velocity measure- 
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ments for all the samples due to time constraints; however, it is, in fact, a valuable dataset, which may be used for more exhaustive studies, such as fluid flow simulations. More CT scans were performed for each sample, and for more samples than those shown in this article; therefore, it is possible that in the near future there may be more studies involving digital rock concepts, which may use this set of measurements for control.
CONCLUSIONS
After examining the permeability-porosity relation of 23 Fontainebleau sandstones, we found that they follow Kozeny-Carman's relation with tortuosity 2.5 and percolation porosity 2%, for a mean grain size, as observed from CT scan, 250 microns. Two different linear trends, one for low porosities and one for high porosities, in the logarithm of permeability versus logarithm of porosity domain can be defined. A single trend can be derived if we plot the logarithm of permeability versus the logarithm of porosity minus the percolation porosity.
As we saturate four samples with water with three different salinities: 10,000, 40,000, and 100,000 NaCl ppm, we find these samples follow a linear trend with intercept at the origin, which means they are clean sandstones, with no significant presence of clay minerals that contribute to the resistivity.
Plotting the normalized resistivity measurements as a function of porosity, we find they fall between the lower and modified-upper HashinShtrikman bounds for sandstones. Differential effective medium model assuming water as the background and quartz grains as the inclusions underpredicts the measurements, but it could be used as narrower lower bound.
Self-consistent approximation using a grain aspect ratio of 1, and pore aspect ratios of 0.02, 0.05, and 0.1 are very close to the resistivity values measured in the laboratory; therefore, it can be a good model to use to predict resistivity in clean sandstones given fluid and mineral properties.
Archie's relation predicts the normalized resistivity measurements given the porosity. An average cementation exponent between 1.6 and 1.8 works for most of our samples, although as porosity decreases, the cementation exponent seems to increase.
After measuring P-wave and S-wave velocity as a function of confining pressure, we do not observe hysteresis, as we load and unload the sample. We can model the velocity data using selfconsistent approximation with a grain aspect ratio of 1, and pore aspect ratios of 0.2, 0.1, and 0.05 at 40 MPa confining pressure, and pore aspect ratios of 0.1, 0.05, and 0.02 at 0 MPa confining pressure. The stiff-sand model and RaymerHunt-Gardner equation are also good models for the P-and S-wave velocity of these clean sandstones at 40 MPa confining pressure.
From the laboratory data, we derive a perme- 10% clay 0% clay 10% clay 0% clay Figure 13 . P-wave velocity ͑left͒ and S-wave velocity ͑right͒ measured at 40 MPa confining pressure versus porosity. Solid black curves are for the stiff-sand model for 100% quartz matrix, and for 90% quartz and 10% clay matrix. P-wave velocity using Wyllie time average equation is the dashed curve and using Raymer-Hunt-Gardner's equation is in gray. S-wave velocities were estimated from Wyllie's and Raymer-Hunt-Gardner's P-wave velocity using Greenberg-Castagna. ability versus formation factor relation, which has a high R 2 , but the norm of the residuals is also high. We conclude that overall formation factor is not a good predictor of permeability, even in the case of clean sandstones.
We conclude that both velocity and resistivity in clean sandstones can be modeled using self-consistent approximation. In addition, we can find a linear fit between the P-wave velocity and the decimal logarithm of the normalized resistivity, with deviations that correlate with differences in permeability. Combining the stiff sand model and Archie for cementation exponents between 1.6 and 2.1, we can model resistivity as a function of P-wave velocity.
In the future, it would be desirable to perform velocity measurements for more samples to have a more complete dataset, and also to carry out some of the resistivity measurements under pressure in order to calibrate our own pressure-resistivity relation.
